1. Introduction {#sec1}
===============

With the advent of stem cell therapy, the regenerative medicine field united around cell transplantation as an immediately workable solution to restore damaged heart tissue. Various cell populations have been studied both preclinically and clinically, eliciting encouraging functional improvements and beneficial remodelling in the infarcted heart.^[@ref1],[@ref2]^ However, overall improvements in cardiac function have been at best moderate, with some metanalyses of trials reporting overall increases in ejection fraction less than 5%,^[@ref3]^ and other analyses of studies using the same cell type finding no improvement in contractile function.^[@ref4]^ The poor performance has been attributed to low donor cell retention, which when reported, is already less than 10% after 24 h.^[@ref5],[@ref6]^ In order to improve the efficacy of cell therapy, the field has transitioned toward developing strategies to enhance transplanted cell engraftment. Various methods, including pretreatment of transplanted cell populations and target tissue, have been attempted to achieve a sustained regenerative effect,^[@ref7],[@ref8]^ but the principal focus has been on developing biomaterial delivery systems to improve grafted cell viability and retention within the area of injury after myocardial infarction (MI). Biomaterials implemented in cardiac tissue engineering applications include natural materials, such as collagen,^[@ref9]^ alginate,^[@ref10]^ chitosan,^[@ref11]^ decellularized ECM,^[@ref12]^ and fibrin,^[@ref13]^ as well as synthetic materials, including poly(lactic-*co*-glycolic acid),^[@ref14]^ poly(ethylene glycol) (PEG),^[@ref15]^ poly(*N*-isopropylacrylamide) (pNIPAM),^[@ref16]^ and self-assembling peptides.^[@ref17]^ Although numerous combinations of materials and cellular products have been examined for their impact on cardiac regeneration after MI, progression has been limited with only three alginate-based hydrogel designs in clinical application.^[@ref18]^

With the growing consensus that paracrine effects rather than direct regeneration from the grafted cells drive the observed improvements in cardiac function, interest in developing therapies that mimic or enhance this paracrine action has increased.^[@ref19],[@ref20]^ Superior biomaterial designs and a deeper understanding of their interactions with cells and body tissues are needed. While the retention of encapsulating biomaterial has been suggested to impact transplanted cell retention,^[@ref21]^ the ideal retention and degradation times of materials for optimal clinical impact are unclear and are likely to vary depending on the composition of the proposed material and its cargo.^[@ref22]^ The ability to monitor the retention of the biomaterial and examine its impact on cell viability and retention in vivo would provide critical information for future designs. In vivo imaging techniques such as fluorescence imaging,^[@ref23]^ ultrasound,^[@ref24]^ and optical coherence tomography (OCT)^[@ref25]^ have been implemented to monitor in vivo degradation of scaffold materials; however the limited tissue permeation of these detection strategies restricts their application to shallow body tissues. As magnetic resonance imaging (MRI) sets the gold standard for cardiac imaging, due to its precision and permeation potential, some studies have made use of MRI-traceable probes to track the persistence of hydrogels in myocardial tissue.^[@ref26],[@ref27]^

The ability to monitor the retention and viability of transplanted cells in host tissue can also provide further insight into the necessary timing, impact, and mechanisms behind their regenerative effects. A variety of cellular imaging strategies have been implemented to monitor transplanted cells' location and retention, including direct cell labeling with paramagnetic nanoparticles for MRI^[@ref28]^ or radioactive molecules for PET and SPECT.^[@ref29]^ However, these approaches cannot distinguish live from dead cells and their signals are diluted with cell division. Cell engineering with noninvasive, assayable reporter genes (e.g., fluorescence, bioluminescence, MRI, and PET/SPECT)^[@ref30]^ only track live cells as their detection requires metabolic activity.^[@ref31]^ In the preclinical setting, the luciferin-luciferase enzymatic bioluminescent reaction offers a simple and sensitive method for semiquantitative assessment of cell retention in vivo.^[@ref32]^

In this work, we have developed an injectable hydrogel-based platform and conducted initial proof of concept studies in order to provide tailorable tissue regenerative options targeted toward eventual heart repair applications. Hydrogel-based biomaterials are soft injectable gels known to swell in water and can be tailored to display degradation, mechanical, biochemical, and other properties that are desirable for cardiac regenerative applications.^[@ref33]^ Our hydrogel design is composed of 4-arm PEG-acrylate cross-linked with heparin-binding peptides through a Michael addition with the thiol groups of the terminal cysteines. The heparin-binding sequence is LRKKLGKA, a Cardin-Weintraub consensus sequence found through screening many heparin-binding domains of proteins,^[@ref34]^ and has been shown to improve the delivery of growth factors and promote angiogenesis in the presence of heparin.^[@ref35]^ The heparin-binding peptides were further functionalized with a Gd(III)-loaded chelator to monitor the localization and retention of the hydrogel system in vivo through MRI detection strategies. Finally, the retention of luciferase-2 transduced cardiac progenitor cells within the hydrogels was monitored serially using bioluminescence imaging. This system presents a novel design that can provide the possibility to monitor both biomaterial retention and cell engraftment in vivo, informing the optimal hydrogel formulation for effective stem cell delivery to the heart.

2. Results {#sec2}
==========

2.1. Rheology of 10% (w/v) PEG Hydrogels {#sec2.1}
----------------------------------------

The cross-linking time and mechanical properties of the various hydrogel designs were examined through rheological techniques to ensure the feasibility of an injectable hydrogel system and similarity in their behavior with that of mouse cardiac tissue.^[@ref36]^ Time sweeps revealed that gel formulations containing 25%, 75%, and 100% heparin-binding peptide (HBP) cross-linking moieties had similar cross-linking times at 40 ± 2, 47 ± 4, and 39 ± 4 min, respectively. 50% HBP cross-linked gels were slightly slower at 52 ± 10 min, whereas 0% HBP cross-linked gels reached the gelation point more rapidly at 20 ± 2 min ([Figure [1](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A).

![HBP hydrogel mechanical properties. Rheological profiles of 10% (w/v) PEG hydrogels: 4-arm PEG acrylate 0%, 25%, 50%, 75%, and 100% HBP hydrogels at 37 °C. (A) Mean gelation times at fixed 1 Hz and fixed 0.0001 strain in minutes. (B) HBP hydrogel mean storage modulus (*G*′) and loss modulus (*G*″) compared with literature values for mouse heart tissue from frequency sweeps at 8 Hz, fixed 0.01 strain, and (C) HBP hydrogel mean storage modulus (*G*′) and loss modulus (*G*″) from strain sweeps at 0.02--0.4 strain, fixed 8 Hz. Error bars represent one standard deviation, \**p* \< 0.05 comparison with 25% HBP, \*\**p* \< 0.001 comparison with 100% HBP, \*\*\*\**p* \< 0.0001 comparison with 25%, 50%, 75%, and 100% HBP.](oc-2017-00039p_0008){#fig2}

From previous rheological optimization, a 10% (w/v) PEG concentration was determined to be the ideal base formulation based on proximity to desired moduli values displayed by healthy mouse heart tissue^[@ref36]^ (data not shown). Consistent mechanical properties were displayed across the frequency range 1--10 Hz, including the frequencies of human and murine heartbeats, 1 and 8 Hz, respectively. At 8 Hz, a fixed strain amplitude of 0.01 (1%) and 37 °C, the examined hydrogel formulations displayed storage (*G*′) and loss (*G*″) moduli near the literature values of healthy mouse heart tissue, 4000 and 1000 Pa, respectively.^[@ref36]^ The hydrogel formulations displayed similar storage (*G*′) and loss (*G*″) moduli across 0.02--0.4 strain, a range encompassing the strains seen in remote healthy, border zone and infarct myocardial tissue. Substituting HBP for 25--100% of the cross-linkers within the PEG hydrogels caused no substantive change in the average moduli displayed in the frequency and strain sweeps at physiologically relevant conditions^[@ref37]−[@ref39]^ ([Figure [1](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B,C). Representative time, frequency, and strain sweeps for the 10% (w/v) HBP hydrogel formulations can be found in [Supplementary Figures 6--8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00039/suppl_file/oc7b00039_si_001.pdf).

2.2. Degradation Profiles of 10% (w/v) PEG Hydrogels {#sec2.2}
----------------------------------------------------

The four HBP gel formulations tested displayed drastically different degradation profiles, as characterized by swelling ratios ([Figure [2](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A) and changes in mass loss ([Figure [2](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B), with full degradation ranging from 3 days (100% HBP) to more than 2 weeks (0 or 25% HBP). The swelling ratios for 0% and 50% HBP gels plateaued from 1 day onward, whereas the swelling ratios of 100% and 75% hydrogels were maximal after 4 h and 3 days, respectively. The 0% HBP gel showed the least degradation over the entire 14 days (16.7% ± 8.5%). The 50% HBP gels on average lost 42% of their mass by 14 days. The 75% and 100% HBP gels were fully degraded after 14 and 3 days, respectively. The sol fractions for the 0%, 50%, 75%, and 100% HBP hydrogels were 11.7%, 12.4%, 14.8%, and 19.4%, respectively.

![% HBP hydrogel degradation profiles. A comparison of 10% (w/v) 4-arm PEG acrylate 0%, 50%, 75%, and 100% HBP hydrogels. (A) Swelling ratios, *q*, and (B) mass loss (%) in DI water over 14 days. Error bars represent one standard deviation.](oc-2017-00039p_0001){#fig3}

2.3. MRI Measurement of 10% (w/v) PEG Gd(III) Hydrogel Degradation {#sec2.3}
------------------------------------------------------------------

T1 signal intensity was found to correlate with Gd(III) concentration, represented by swelling ratios in two independent Gd(III)-containing hydrogel formulations examined over 7 and 14 days ([Figure [3](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The T1 signals ([Figure [3](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A) and swelling ratios ([Figure [3](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B) were examined in HBP hydrogels with and without Gd(III). The samples containing Gd(III) contained a previously optimized 2 mM equivalent of Gd(III)-HBP cross-linker substituted for HBP or dithiol cross-linkers in the 50% HBP and 40% HBP formulations, respectively (see [Supplementary Figure 2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00039/suppl_file/oc7b00039_si_001.pdf)). The average overall starting hydrogel mass was 29.1 ± 2.1 mg with no significant difference across the hydrogel samples ([Supplementary Figure 4A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00039/suppl_file/oc7b00039_si_001.pdf)). The swelling ratios of the various experimental and control hydrogels all demonstrated similar increases over time ([Figure [3](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). However, only the swelling ratios of 50% or 40% HBP-Gd(III) hydrogels correlated with T1 value (50% HBP -- Gd(III), *r*^2^ = 0.9982, 40% HBP -- Gd(III), *r*^2^ = 0.9213; [Figure [3](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C) and only the 50% and 40% HBP Gd(III)-containing hydrogels showed linear correlations between T1 intensity and time (*r*^2^ = 0.9380 and *r*^2^ = 0.9180, respectively; [Figure [3](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). The incorporation of Gd(III)-tagged HBP did not appear to influence the degradation of the hydrogels, as demonstrated by similar swelling ratio changes over time demonstrated between the experimental Gd(III)-containing and control samples ([Figure [3](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B).

![Correlation of Gd(III)-containing hydrogel degradation and T1 in vitro. (A) Representative T1 images of Gd(III)-containing and control hydrogel samples. (B) Distribution of measured swelling ratios across samples and time points. Error bars represent one standard deviation. (C) Representative swelling ratio and T1 correlations (50% HBP -- Gd(III), *r*^2^ = 0.9982, 40% HBP -- Gd(III), *r*^2^ = 0.9213). (D) Representative T1 value correlation with degradation time points (days) (50% HBP -- Gd(III), *r*^2^ = 0.9380, 40% HBP -- Gd(III), *r*^2^ = 0.9180). T1 units are all in milliseconds. Sample T1 values decrease with higher Gd(III) concentration. 95% CI are designated by black dotted lines and were included for experimental samples where *r*^2^ of correlation was above 0.90.](oc-2017-00039p_0002){#fig4}

2.4. Impact of HBP on CSC Durability in Hydrogels {#sec2.4}
-------------------------------------------------

After it was determined that the 50% HBP hydrogel formulation exhibited the lowest amount of degradation over 14 days ([Figure [2](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) and demonstrated mechanical properties resembling those of mouse cardiac tissue ([Figure [1](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), the potential benefit of this HBP-containing hydrogel formulation was tested by monitoring the luciferase activity of encapsulated CSC, a noninvasive serial measurement that reflects the number of viable, metabolically active cells in vitro and in vivo^[@ref40]^ ([Figure [4](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The initial number of inoculated CSC-Luc2 cells encapsulated in hydrogels was similar between the 0% and 50% HBP gels ([Supplementary Figure 5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00039/suppl_file/oc7b00039_si_001.pdf)), excluding variation in the luciferase signals from inadvertent mere differences in initial seeding density. In 50% HBP gels, the cells' luciferase activity persisted for at least 14 days, but in 0% HBP gels, cells' luciferase activity was undetectable even at 7 days ([Figure [4](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Thus, the inclusion of 50% HBP markedly prolonged CSC-Luc2 viability in vitro, compared with HBP-free hydrogels.

![Metabolic activity of CSC-Luc2 in 10% (w/v) 4-arm PEG acrylate 0% and 50% HBP hydrogels. (A) CSC-Luc2 luminescent activity correlation to metabolic activity validation images of representative CCK-8 metabolic activity assay and luminescent counts of CSC-Luc2 seeded at various densities from 1.5 × 10^6^ through 8.0 × 10^2^. (B) The correlation of the average luminescent activity (photon counts) and absorbance (450 nm) of CSC-Luc2 densities below 10^5^ can be approximated linearly (*r*^2^ = 0.9182). Error bars represent one standard deviation (*n* = 9). Solid line represents best linear fit (*r*^2^ = 0.9182) and dotted lines represent 95% CI. (C) Image of luminescent counts of representative CSC-Luc2 in 50% and 0% HBP hydrogels and untransduced controls at days 1, 7, and 14. Luminescence used as a corollary to metabolic activity. (D) Mean luminescence in photon counts of CSC-Luc2 in 0% and 50% HBP gels. Bioluminescent images taken on IVIS software. Error bars represent standard error. Samples compared by one-way ANOVA, Bonferroni's multiple comparison test, \**p* \< 0.05 in comparison with Day 1.](oc-2017-00039p_0003){#fig5}

2.5. Engraftment of CSC in 50% and 100% HBP Hydrogels in Mouse Hind Limb Injections {#sec2.5}
-----------------------------------------------------------------------------------

In order to assess whether the differences observed in the in vitro degradation of the HBP hydrogels were predictive of the gels' persistence and encapsulated CSC retention in vivo, hind limb injections of 100% and 50% HBP-Gd(III) were made and compared with unencapsulated control cells over 14 days. These two hydrogel formulations were selected due to their differences in HBP content and because they displayed the most significantly different degradation profiles --- 100% HBP fully degrading within 3 days and 50% HBP degrading only 42% over 14 days ([Figure [2](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The aggregate photon signals from the samples were collected over 20 min, and serial determinations were normalized to the starting value for each animal.

At 3 days, compared to control sites with CSC-Luc2 cells merely injected in DPBS, CSC-Luc2 injections in 50% or 100% HBP-containing gels demonstrated 12- and 13-fold higher bioluminescent signals, respectively (*p* \< 0.0001; [Figure [5](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). There was no difference in CSC retention between the 50% and 100% gel formulations. At 7 days, though much of the luminescent signal had subsided, the 50% and 100% HBP-containing gels still retained an 18- and 23-fold higher signal, respectively, versus CSC-Luc2 cells injected in DPBS (*p* \< 0.0001). Under the conditions tested, little signal remained at 14 days. T1 mapping of the mouse hind limbs revealed that no hydrogel material was left at day 7 or 14.

![CSC-Luc2 retention in mouse hind limbs. (A) Representative bioluminescent images of intramuscular hind limb injections of 1.5 × 10^6^ CSC-Luc2 in 100%, 50% HBP hydrogels containing 2 mM Gd(III) and DPBS. (B) Mean relative luminescent counts at days 1, 3, 7, and 14 relative to day 0 in hind limbs. Data represented as luminescent photon counts normalized to day 0 photon counts. Error bars represent standard error; \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 in comparison with DPBS.](oc-2017-00039p_0004){#fig6}

2.6. Engraftment of CSC in 50% HBP Hydrogels in Mouse Ultrasound-Guided Intramyocardial Injections {#sec2.6}
--------------------------------------------------------------------------------------------------

Given the equal performance of 50% and 100% HBP hydrogels in the enhancement of CSC hind limb retention, ultrasound-guided intramyocardial injections were conducted to determine if the 50% HBP hydrogel likewise improved intramyocardial retention. The intramyocardial injection of HBP hydrogel did not appear to evoke any immediate adverse effects on cardiac pump function ([Supplementary Figure 9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00039/suppl_file/oc7b00039_si_001.pdf)). The 50% HBP demonstrated enhanced CSC-Luc2 retention 6.5-fold at 3 days compared to cells injected in DPBS (*p* = 0.0028; [Figure [6](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). At 7 days, CSC engraftment was enhanced 2.6-fold by 50% HBP (*p* = 0.0564), at the threshold of statistical significance. T1 mapping of the mouse chests revealed that no hydrogel material was left at day 7 or 14.

![CSC-Luc2 retention in mouse myocardium. (A) Representative images of CSC-Luc2 retention after ultrasound-guided intramyocardial injections 4 × 3.5 × 10^5^ CSC-Luc2 in 50% HBP hydrogels containing 2 mM Gd(III) and DPBS. (B) Mean luminescent counts at days 1, 3, 7, and 14 relative to day 0 in heart. Data represented as luminescent photon counts normalized to day 0 photon counts. Error bars represent standard error, \*\**p* \< 0.01 in comparison with DPBS.](oc-2017-00039p_0005){#fig7}

3. Discussion {#sec3}
=============

Cell retention remains a paramount challenge for injection-based cell therapy, leading to keen interest in diverse tissue engineering approaches. Hydrogels and other delivery biomaterials can improve this retention, but the ideal tissue-appropriate formulations, degradation times,^[@ref22]^ and other mechanisms behind the impact of these formulations remain unclear, hindering further progress in the field. Here, we present an injectable, multimodal platform for a selection of hydrogel-based designs composed of 4-arm PEG acrylate cross-linked with PEG dithiol and heparin-binding peptides containing a Gd(III) contrast agent. These hydrogels provide the possibility to be monitored in vivo and tailored to deliver cellular cargo, in order to address these open questions. MRI-sensitive-Gd(III) conjugated peptides have been implemented for tumor-tracking^[@ref41]^ and comparison of biomaterial degradation,^[@ref42]^ but here we present a Gd(III)-tagged peptide platform system that can be easily incorporated into commonly implemented and easily functionalized PEG-based hydrogels for imaging biomaterial carriers for cell delivery in cardiac cell therapy applications.

In the clinical context of acute MI, many of the biomaterials examined for encouraging cellular retention---including many variations of an epicardial patch---have limited applicability due to the necessity, safety, or preference for delivery via a catheter.^[@ref43]^ Conversely, the clinical application of many current injectable hydrogel systems is hampered by rapid gelation rates, making catheter delivery logistically challenging or impossible.^[@ref43]^ In the present study, the 0% HBP hydrogels had significantly faster cross-linking times compared with the HBP-containing formulations. The bulky, charged side chains in the HBP peptides may create steric and repulsive interactions that slow the cross-linking process in the HBP-containing gels compared with the smaller, uncharged simple PEG dithiol cross-linkers used in the 0% HBP hydrogels. The hydrogel formulations containing HBP took approximately 40--50 min to reach their gelation points ([Figure [1](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A), providing a convenient time window for preparation of the cell-hydrogel injection suited to clinical applications as the hydrogel components can be mixed and the cross-linking process can begin before the hydrogel system is injected in vivo. This longer gelation time creates an experimental setup that provides workable advantages over the rapid gelation times seen in alginate systems, the only biomaterial currently in clinical trials for cardiac applications.

It is well-known that the mechanical properties of a cell's environment can impact cell behavior, and, in the cardiac context, the remodelling and changes in cardiac tissue mechanical properties can contribute to the progression of heart failure. Thus, the mechanical properties of the encapsulating hydrogel formulation were tailored to recapitulate the properties of native cardiac tissue.^[@ref36]^ The moduli of the gel formulations were easily manipulated through altering the concentration of the base hydrogel system, and a 10% (w/v) concentration was determined to be the most desirable across all % HBP formulations, displaying storage (*G*′) and loss (*G*″) moduli resembling those values present in mouse heart tissue^[@ref36]^ ([Figure [1](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). The various % HBP formulations demonstrated consistent moduli, exhibiting the ability to maintain mechanical properties, across the range of strains seen in remote healthy (0.028--0.33 strain),^[@ref37]^ infarct (0.027--0.15 strain),^[@ref37]^ and border zone (0.09 peak strain) myocardium^[@ref39]^ ([Figure [1](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, [Supplementary Figure 8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00039/suppl_file/oc7b00039_si_001.pdf)).

The desired timing of biomaterial degradation for optimal clinical impact is unknown; thus creation of a panel of hydrogel formulations with varying degradation rates presents a valuable means for exploring and clarifying this question. The various HBP-containing hydrogel formulations displayed a spectrum of degradation profiles ranging from full degradation in 3 days to only 42% mass loss over 14 days ([Figure [2](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The HBP sequences included within the hydrogel design are not designed to degrade and do not contain any known proteolytic degradation sequences. However, the termini of the PEG arms within the hydrogel design implemented in these studies are modified with acrylate groups that react with the thiol termini of the cross-linking HBP peptides and/or PEG dithiol through Michael addition to form relatively unstable ester bonds susceptible to degradation through hydrolysis,^[@ref44],[@ref45]^ a process accelerated in basic environments.^[@ref44]^ HBP is faintly positive in charge ([Supplementary Table 1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00039/suppl_file/oc7b00039_si_001.pdf)); thus water, as a polar molecule, is likely attracted to the charged components of the hydrogel system causing the formulations with higher densities of these bulky positively charged moieties to swell more quickly. Comparing the swelling ratios of the various hydrogel formulations ([Figure [2](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), the higher percentage of HBP cross-linkers within the hydrogel formulation correlated with more rapid swelling of the hydrogels. 100% HBP reached its peak swelling ratio of 91.2 ± 21.1 after 4 h, 75% HBP was 256 ± 66 after 3 days, while at 14 days 50% and 0% HBP exhibit values of 117 ± 30 and 21.9 ± 2.7, respectively ([Figure [2](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The faster swelling formulations also appear to degrade the most rapidly ([Figure [2](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), likely due to increased water content within the hydrogels, increasing exposure of the ester bonds to hydrolysis. Because of the diversity of hydrogel amounts and volumes remaining over the diverse degradation time courses examined across the various hydrogel formulations, it was difficult to meaningfully measure and compare the impact of hydrogel degradation on hydrogel mechanical properties.

To examine the impacts of this degradation behavior in vivo, MRI-detectable HBP peptides containing MRI-sensitive Gd(III) were incorporated into the hydrogel design. The T1 signal of independent formulations of 40% and 50% HBP hydrogels demonstrated nearly identical dependence on Gd(III) concentration, represented by the swelling ratio ([Figure [3](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B--C). The sensitivity of this hydrogel system to the changes in Gd(III) concentration over time demonstrates the potential to monitor the tagged hydrogel degradation in vivo over time.

Before in vivo application, the impact of 50% HBP, the most persistent hydrogel formulation, on CSC metabolic activity was examined in vitro. CSC luciferase activity, a surrogate measurement of metabolically active cells, remained consistent in HBP-containing gels, but diminished over 14 days when encapsulated in hydrogels without HBP ([Figure [4](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The improved viability of the CSC in the HBP-containing gels may result from the HBP moiety attracting heparin-bound regenerative factors from the local milieu^[@ref46],[@ref47]^ to the encapsulated cell populations within the hydrogel. The increased swelling ratio of the 50% HBP hydrogel may also facilitate diffusion and delivery of these factors as well as provide space for cell proliferation compared with the 0% HBP hydrogels. The tailored mechanical properties of both hydrogel formulations to match those of native cardiac tissue appear to be insufficient for maintaining the metabolic activity of the cells within the 0% HBP formulations, but may contribute to the maintained metabolic activity observed in the 50% HBP hydrogels. The consistent preservation of CSC within the 50% HBP compared with the reduction seen in the 0% HBP reached statistical significance at 7 days, demonstrating that the presence of HBP enables cell survival. Thus, in vitro the 50% HBP hydrogel exhibits the most desirable combination of mechanical properties ([Figure [1](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), degradation properties ([Figure [2](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), and ability to support viable, metabolically active cells ([Figure [4](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

In vivo, the 50% and 100% HBP hydrogels, with significantly different in vitro degradation profiles, were compared with DPBS and examined for their impact on encapsulated CSC-Luc2 retention in hind limb injections. CSC-Luc2 encapsulated in 50% or 100% HBP display enhanced bioluminescent signal after hind limb injection that is 12- and 13-times and 18- and 23-times higher than the signal produced by the samples injected with CSC-Luc2 in DPBS, after 3 and 7 days, respectively. No statistically significant differences in the bioluminescent signal exist between the 100% and 50% gel formulations despite their in vitro differences in degradation. Previous work has shown that the longer a delivery biomaterial resides in the target tissue, the higher the retention of delivered cells.^[@ref21]^ Interestingly, our data show that both 100% and 50% HBP formulations behaved similarly, with an improvement in cell retention in both formulations after 3 days when compared to the DPBS injected cell sites ([Figure [5](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), and the T1 mapping of the mouse hind limbs performed at days 7 and 14 revealing that there was no detectible Gd(III) signal in any of the hydrogel formulation treated regions. These results suggest that the degradation profile of the 50% HBP hydrogel system in vivo is likely more rapid than predicted by the in vitro data. This inability to detect material from either hydrogel formulation at 7 days correlates with the cell retention data. The similarity in cell retention between hydrogel formulations could also suggest that the presence of the bioactive HBP present in both hydrogel formulations might be a more dominant force behind the observed enhancement. Taken with the ability of the 50% HBP hydrogel to maintain CSC metabolic activity compared with the 0% HBP controls ([Figure [4](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), it is possible that the ability of the HBP moieties to attract heparin-bound regenerative factors may provide enhanced CSC metabolic activity or proliferation in the 100% HBP hydrogels compared with the 50% HBP hydrogels that may enable the encapsulated CSC to remain engrafted at a similar level to those in the 50% HBP. However, as luciferase activity has been shown to correlate with both cell number and the metabolic activity of cells, its persistence in cell delivery studies cannot be interpreted simplistically. Further examination of more persistent hydrogel formulations of our tunable platform system could further distinguish the impact of these possible mechanisms on the observed cell retention data.

In intramyocardial injections, a similar cell retention pattern was observed at 3 days with an increased viable CSC population observed in the sites where cells were injected in the 50% HBP formulation compared to DPBS ([Figure [6](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) with a relative luminescent signal ∼6.5 times higher compared to that exhibited by CSC-Luc2 injected in DPBS. Similar to the hind limb injections, MRI imaging of the mouse chests revealed that no hydrogel material remained at day 7 or 14. Thus, markedly improved levels of CSC retention were demonstrated by HBP-containing gels compared with DPBS controls in both hind limb and intramyocardial injections at 3 days, notably higher than the enhancement of cell retention by other PEG-based hydrogel designs at comparable early time points.^[@ref48],[@ref49]^ In one of these studies, a PEGylated-fibrinogen hydrogel encapsulating neonatal rat ventricular cardiomyocytes (NRVCM) was found to enhance cell retention within the heart ∼2.5 times over saline injected controls after 2 days.^[@ref49]^ In rats with MI, this hydrogel system and encapsulated NRVCM were found to improve cardiac function and remodelling after 30 days when compared with saline, NRVCM only, and PEGylated-fibrinogen only controls.^[@ref49]^ Although our studies were conducted in healthy mice, the fact that our hydrogel system retained over twice as many cells compared with this study at a time point a day later is encouraging for considering the impact of our system on cardiac function, remodelling, and structure for treatment post-MI.

4. Conclusions {#sec4}
==============

In summary, we have designed and characterized a tailored and in vivo detectable Gd(III) HBP hydrogel system that displays mechanical properties resembling cardiac tissue and maintains cell metabolic activity while delivering CSC. This platform system provides a collection of hydrogel formulations that display modulated bioactive components and an array of degradation properties. As the degradation of biomaterial systems are known to vary in their behavior in vitro and in vivo, future applications of this platform system could be tailored to further explore these variations and their implications for enhancing existing cell therapies.^[@ref50]^ The system also contains a well-characterized in vivo detectable cellular population with the ability to map cell location, metabolic status, and retention. Altogether, this system presents possibilities for the noninvasive ability to improve and trace viable cell and material retention in hind limbs and myocardium in vivo.

With so many current approaches in the literature turning toward the examination of combinatorial effects of materials and cellular materials on cardiac regeneration after MI,^[@ref18],[@ref43]^ this theranostic system provides the opportunity to dissect and better understand the individual effects of the various components of these systems and how they mechanistically work together to bestow any beneficial effects observed within the target tissue. Previous approaches focus mainly on either the in vivo retention of material^[@ref51]^ or the retention of cellular material,^[@ref28]^ but few studies examine systems capable of effectively monitoring both. This multimodal system presents the opportunity to assemble and organize much of the seemingly competing, disconnected, and widely diverse array of work attempting to address the problem of cardiac regeneration^[@ref43]^ and design noninvasive, tailored in vivo therapies that address the various remaining major design questions and challenges facing cell therapy trials, such as optimal dosage, delivered cells, and material retention times.^[@ref5]^ The applications of this careful, yet powerful, strategy and multimodal platform system are flexible and can be optimized, not just in an MI model, but across all tissue engineering and drug delivery applications.

5. Materials and Methods {#sec5}
========================

5.1. Peptide Synthesis {#sec5.1}
----------------------

Amino acids were purchased from AGTC Bioproducts Ltd. (Hessle, UK), except for Fmoc-Cys(tBU)-OH which was purchased from Novabiochem (Merck, Darmstadt, DE) and used without further purification. Peptides were synthesized on a RINK amide MBHA resin (AGTC Bioproducts Ltd., Hessle, UK) by standard Fmoc solid-phase peptide synthesis. Briefly, Fmoc-protected amino acids were coupled through successive additions of a 4-molar excess amino acid, 6-molar excess diisopropylethylamine (Sigma, Dorset, UK), and 3.95-molar excess 2-(1*H*-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU; AGTC Bioproducts Ltd., Hessle, UK) in dimethylformamide (DMF; AGTC Bioproducts Ltd., Hessle, UK). Each coupling reaction was allowed to proceed for at least 2--3 h and then washed with DCM and DMF. Before each coupling, Fmoc protecting groups were removed with 20% (v/v) piperidine in DMF and were washed with DCM and DMF. Nihydrin tests were performed to monitor the presence of free amines after each Fmoc deprotection and coupling step. The partial HBP peptide sequence GGGLRKKLGKAGGGC (MW: 1357) was synthesized on a Quartet multiple synthesizer (Protein Technologies Inc., Tucson, AZ). The product was split into two batches, from which the complete HBP peptide (CGGGLRKKLGKAGGGC; MW: 1461) and Gd chelator- HBP peptide (CK\[DOTA\]GGGLRKKLGKAGGGC; MW: 1976) were manually synthesized ([Figure [7](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In continuing the synthesis of the Gd chelator-HBP peptide, DOTA was added orthogonally, via a Lys(Mtt), to the partial HBP peptide. Gd chelator-HBP peptide synthesis was continued with manual addition of Fmoc-Lys(Mtt)-OH; removal of the Mtt protecting groups with 2% (v/v) trifluoroacetic acid (TFA; Sigma, Dorset, UK), 93% (v/v) dicholoromethane (DCM; AGTC Bioproducts Ltd., Hessle, UK), 5% (v/v) triisopropylsilane (TIS; Sigma, Dorset, UK); and two additions of 2-molar excess 1,4,7,10-tetraazacyclododecane-1,4,7-tris-*tert*-butyl acetate-10-acetic acid (DOTA-tris (*t*-Bu ester); Macrocyclics, Dallas, TX) in an appropriately scaled previously mentioned amino acid coupling cocktail. The full-length peptides were deprotected and then cleaved from the resin using a cleavage cocktail consisting of 95% (v/v) TFA, 2.5% (v/v) micropure water, 2.5% (v/v) TIS, and 2.5% (w/v) dithiothreitol. A dichloromethane (DCM) wash was used to recover any residual peptide. TFA and DCM were then removed by rotary evaporation. The peptides were precipitated in and washed three times with cold diethyl ether and centrifuged at 6500 rpm at 4 °C for 10 min. Residual ether was decanted and the peptide samples were dried on a vacuum desiccator overnight. The peptides were redissolved in micropure water and freeze-dried. Peptide purification was performed using reverse phase preparative high performance liquid chromatography (HPLC; Shimadzu, Milton Keynes, UK) with a Phenomenex C18 Gemini NX column (150 × 21.2 mm, 5 μm pore size, 110 Å particle size). After a peptide was loaded onto the column, a gradient consisting of 5--100% (v/v) buffer B (acetonitrile with 0.1% (v/v) TFA) in buffer A (micropure water with 0.1% (v/v) TFA) was run to elute the peptide. Pure peptide was lyophilized on a freezer dryer (Labconco, Kansas City, MO), and the mass of each purified peptide was confirmed by matrix-assisted laser desorption/ionization mass spectrometry (4800 MALDI TOF/TOF, AB Sciex, Framingham, MA; [Supplementary Figure 1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00039/suppl_file/oc7b00039_si_001.pdf)). The synthesized peptides achieved greater than 95% purity as determined by HPLC. The final Gd-conjugated HBP peptide was prepared by mixing 17.2 mg of GdCl~3~ (Sigma-Aldrich, Dorset, UK; MW: 371.7) to 68.66 mg of Gd chelator-HBP peptide in deionized (DI) water, pH 6.5, on rollers for 2 days and purified by dialysis in DI water for 3 days (100--500 Dialysis Membrane, Spectrum Laboratories Inc., Loughborough, UK).

![Chemical structure of synthesized peptide Gd(III) chelator HBP: CK(DOTA)GGGLRKKLGKAGGGC (MW: 1976). The peptide sequence is composed of terminal cysteines containing thiol side chains that facilitate hydrogel cross-linking and three sequential glycines for structural flexibility that flank a central heparin binding region composed of the amino acid sequence LRKKLGKA. A lysine following the terminal cysteine at the peptide's N-terminus functions to tether the Gd(III) chelator to the peptide structure. The simple HBP peptide without Gd(III) functionality is composed of an identical amino acid sequence without the additional lysine and Gd(III) chelator, CGGGLRKLGKAGGGC (MW: 1461).](oc-2017-00039p_0007){#fig1}

5.2. Hydrogel Formation {#sec5.2}
-----------------------

The thiols of poly(ethylene glycol, PEG) dithiol (DT) (MW: 1000; Sigma-Aldrich, Dorset, UK) and the terminal cysteine groups on the heparin-binding sequence-containing peptides (HBP) were reacted with the acrylate groups of the 4-arm PEG acrylate (MW: 20,000, Laysan Bio Inc., Arab, AL) in a Michael addition^[@ref52]^ to form 10% (w/v) PEG gels with varying percentages of HBP and DT cross-linkers. 100% HBP and 0% HBP (100% DT) cross-linker stock solutions were prepared by dissolving 1.461 mg of HBP peptide and 1 mg of poly(ethylene glycol) dithiol per 40 μL of DPBS, respectively. A 4-arm PEG acrylate stock solution was prepared by dissolving 10 mg of 4-arm PEG acrylate per 160 μL of Dulbecco's phosphate-buffered saline (DPBS). For gels containing cells, 160 μL of cardiac progenitor cell suspension in DPBS was added per 10 mg of 4-arm PEG acrylate. The stock solutions for 25%, 50%, and 75% HBP cross-linker were formed by mixing 10, 20, or 30 μL of 100% HBP for every 30, 20, or 10 μL of 0% HBP, respectively. The final hydrogels were formed by adding 40 μL of cross-linker solution to each 160 μL of 4-arm PEG acrylate solution.

5.3. Rheology {#sec5.3}
-------------

Mechanical characterization of 40 μL hydrogels for each gel formulation was performed on an AR2000Ex rheometer (TA Instruments, New Castle, DE) with 8 mm diameter soft solids tester geometry at a 500 μm gap distance. Experiments were repeated on at least three samples. All rheological sweeps were conducted at 37 °C to simulate physiological conditions. Dynamic oscillatory time sweeps of each formulation were collected at an angular frequency of 1 Hz and 0.0001 (0.01%) strain at 37 °C for at least 45 min. Frequency sweeps of 1--10 Hz (ω = 6.3--62.83 rad/s) were performed at a fixed strain amplitude of 0.01 (1%) and 37 °C. Strain amplitude sweeps from 0.004 to 4.00 (0.4--400%) strain were performed at angular frequencies of 8 Hz (52.3 rad/s) and 37 °C.

5.4. Gel Degradation {#sec5.4}
--------------------

50 μL gel formulations were prepared in preweighed 50 mm Petri dishes and allowed to form for 4 h at 37 °C. Hydrogel degradation profiles were assessed based on methods outlined in Mawad et al. 2007.^[@ref53]^ Wet masses of the hydrogels were assessed at fabrication (*m*~iw~) and randomly selected samples for each material (*n* = 5) were lyophilized to determine initial dry mass (*m*~id~). Ten milliliters of DI water was added to the remaining samples, which were incubated at 37 °C. At different time points up through 14 days, at least three samples of each gel formulation were blotted dry and weighed to determine the swollen mass of the hydrogels (*m*~s~). The hydrogels were then lyophilized overnight and weighed to obtain the dry mass of the remaining hydrogel (*m*~d~).

The initial dry mass (*m*~id_calc~) for each hydrogel was calculated by multiplying *m*~iw~ of individual hydrogels by the average of the initial dry masses divided by the initial wet mass of the samples assessed immediately after fabrication (*m*~id~/*m*~iw~).

The sol fraction was determined as the % mass loss calculated after 4 h incubation. This sol fraction was subtracted from *m*~id_calc~ to give the adjusted initial polymer mass (*m*~id_adj~).

The mass swelling ratio, *q*, was determined as

All determinations were based on the average of at least three samples.

5.5. T1 Mapping of Gd-Labeled Hydrogels {#sec5.5}
---------------------------------------

10% (w/v) PEG DT gels with 3, 2, 1, 0.5, 0.2, and 0 mM Gd(III)-HBP were fabricated in 0.2 mL PCR tubes (VWR, Lutterworth, UK). Gels were placed at 37 °C for 45 min and subsequently were imaged along with DPBS and DI water controls using a 9.4 T MRI system (Agilent, Santa Clara, USA). T1 mapping was performed using a fully relaxed look locker sequence with 80 inversion times and inversion spacing of 50 ms.^[@ref54]^ Data were analyzed in MATLAB (2014b, The Mathworks Inc., Natick, USA) using in-house-written scripts and is shown in [Supplementary Figure 2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00039/suppl_file/oc7b00039_si_001.pdf).

5.6. T1 Correlation with Gd(III) Hydrogel Degradation {#sec5.6}
-----------------------------------------------------

40% and 50% HBP containing 2 mM Gd(III) and control hydrogels were fabricated in PCR tubes for analysis on days 0, 1, 7, and 14 (*n* = 3 per time point, per hydrogel formulation) and were allowed to cross-link for 4 h at 37 °C. Wet masses of the hydrogels were assessed at fabrication. For the time points after day 0, DI water was added in excess and samples were incubated at 37 °C until the time point analyzed. DI water not taken up by the hydrogels was aspirated and samples were weighed to determine the swollen mass of the hydrogels (*m*~s~). Representative samples for each hydrogel formulation and time point were imaged to obtain T1 maps for the various conditions tested. All samples were then lyophilized to determine dry mass (*m*~d~) and the mass swelling ratio, *q*, was determined by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} as above.

5.7. CSC Culture {#sec5.7}
----------------

Clonally derived CSC were isolated as described.^[@ref6]^ Briefly, hematopoietic lineage marker-negative, Sca-1 positive side population cells were cloned from adult murine hearts by preparative flow sorting and single-cell deposition. CSC were cultured in cardiosphere-growing medium (CGM) (58.5% (v/v) Dulbecco's modified Eagle's medium; 31.5% (v/v) Iscove's modified Dulbecco's medium; 6.5% (v/v) Ham's medium F12; 3.5% (v/v) bovine growth serum (BGS; Hyclone, GE Healthcare Life Sciences, Little Chalfon, UK); 0.65 X B27; 100 μg mL^--1^ penicillin; 100 U mL^--1^ streptomycin; 250 ng mL^--1^ amphotericin; 2 mM [l]{.smallcaps}-glutamine; 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, Dorset, UK); 6.5 ng mL^--^1 recombinant human epidermal growth factor (EGF; Peprotech, London, UK); 0.52 mUv mL^--1^ thrombin (Roche, West Sussex, UK); 0.65 ng mL^--1^ recombinant human cardiotrophin-1 (CT-1; Cell Sciences, Canton, MA); 13 ng mL^--1^ recombinant human fibroblast growth factor (FGF; Peprotech, London, UK) at 37 °C, 5% CO~2~ on collagen I-coated tissue culture polysterene. Unless otherwise specified, all cell culture components were supplied by Invitrogen (Fisher Scientific, Loughborough, UK). For the present proof-of-concept experiments, clone 16 was used as a representative example, which is typical of the cloned CSC with respect to growth characteristics, immunophenotype, cardiogenic signature, in vivo differentiation, and in vivo benefit to infarcted myocardium.^[@ref6]^ The CSC were passaged at 70% confluence every 2 to 3 days by trypsinisation in 0.25% (w/v) trypsin; 1 mM ethylenediaminetetraacetic acid (EDTA). Viable cells were counted at each passage with a Vi-CELL Cell Viability Analyzer by trypan blue exclusion (Beckman Coulter, High Wycombe, UK).

5.8. Lentiviral Luciferase Transduction and in Vitro Assays {#sec5.8}
-----------------------------------------------------------

Luciferase lentivirus was prepared by cotransfection of HEK 293T cells with pLenti-III-PGK-Luc2 (Applied Biological Materials, Richmond, BC), together with the psPAX packaging vector and pMD2.G envelope vector (kindly provided by Didier Trono). The pLenti-III-PGK-Luc2 vector drives Luc2 expression through the ubiquitous phosphoglycerate kinase (PGK) promoter. CSC were seeded at 10 000 cells/cm^2^ and cultured at 37 °C and 5% CO~2~ overnight before transduction in a solution composed of 50% (v/v) 0.45 μm filtered viral supernatants and 50% (v/v) CGM in the presence of 8 μg/mL hexadimethrine bromide (Polybrene, Sigma-Aldrich, Dorset, UK). CSC-Luc2 cells stably expressing firefly luciferase were selected for 14 days in 3 μg/mL puromycin. Black 96-well half-area clear flat bottom plates (Greiner Bio-One Ltd., Stonehouse, UK) were coated overnight at 37 °C with 20 μL hydrogels. Cells were stained with 25 μg/mL Xenolight DiR fluorescent lipophilic membrane dye (PerkinElmer, Llantrisant, UK) for 30 min at 37 °C. Three independent formulations of 0% and 50% HBP gels composed of 11.0 × 10^3^ CSC-Luc2 cells/10 μL and one control formulation of 0% HBP gel containing 19.9 × 10^3^ CSC/10 μL were seeded at least in triplicate. Hydrogel solutions were allowed to cross-link for 6 h at 22 °C before CGM was added to each well. To give a relative quantification of the seeded cell numbers, an initial fluorescence reading of the plate was taken for 1 s at excitation 740 nm/emission 790 nm using an IVIS Lumina III (In vivo Imaging System, PerkinElmer, Llantrisant, UK). 300 μg/mL [d]{.smallcaps}-luciferin (PerkinElmer, Llantrisant, UK) in CGM was added to each sample and aggregate photon count over 20 min was measured 2 min following the addition of [d]{.smallcaps}-luciferin solution at 1, 7, and 14 days. Media were added every 3--4 days. The average background fluorescence and luminescence of empty wells and untransduced samples, respectively, were subtracted from all values. Averages were taken for the 0% HBP gel containing untransduced CSC (*n* ≥ 5) and three independent formulations for the 0% and 50% HBP gel formulations containing CSC-Luc2 (*n* ≥ 3).

5.9. Hind Limb Intramuscular and Ultrasound-Guided Intramyocardial Injections {#sec5.9}
-----------------------------------------------------------------------------

Data are accumulated from two independent experiments (total *n* = 22 mice). Adherent CSC-Luc2 cells were labeled in culture with 25 μg/mL Xenolight DiR fluorescent lipophilic membrane dye (PerkinElmer, Llantrisant, UK) for 40 min at 37 °C, then were dissociated in filter-sterilized 1× Hank's Balanced Salt Solution (HBSS), 10 mM HEPES, 30 mM taurine, 0.1 mg/mL liberase (Roche, West Sussex, UK) and 0.5 mg/mL DNase I (Roche, West Sussex, UK) at 37 °C for 5--10 min. After cells were removed from the tissue culture plastic, an equal volume of stopping buffer was added (20% (v/v) FBS, 1× HBSS, 10 mM HEPES, 30 mM taurine). Cells were harvested at 300*g* at 4 °C for 5 min and resuspended in DPBS. All starting cell populations had a viability \>90%.

Mice were anaesthetised with 2.5% isoflurane in O~2~, hair was removed from the injection sites, and the mice were laid supine with limbs attached to ECG electrodes. Hearts were imaged using a Vevo 2100 high-resolution ultrasound imaging system equipped with a 40 MHz transducer (FujiFilmVisualsonics, SonoSite, Toronto, Ontario, Canada). Using the parasternal short axis view 4 × 10 μL intramyocardial injections containing a total of 3.5 × 10^5^ CSC-Luc2 cells in either DPBS or encapsulated in 50% HBP containing 2 mM Gd(III)-HBP were made under ultrasound-guidance.^[@ref55]^ For hind limb injections, 100 μL containing 1.5 × 10^6^ CSC-Luc2 cells were injected intramuscularly using a 27G needle, either in DPBS or encapsulated in 100% and 50% HBP containing 2 mM Gd(III)-HBP.

5.10. In Vivo Imaging {#sec5.10}
---------------------

Cardiac function was assessed just prior to and after intramyocardial injections using 2D ultrasound as above. Serial MRI analyses of mouse heart function were performed on days 1, 7, and 14. T1 mapping of the mouse hind limbs and chest were conducted on days 7 and 14 to determine the amount of hydrogel material remaining.

Grafted cell viability was assessed by serial bioluminescent imaging on days 0, 1, 3, 7, and 14, using a PhotonIMAGER Optima dynamic optical imaging system (Biospace Lab, Nesles la Vallée, France), 20 min after intraperitoneal administration of 10 μL of 30 mg/mL [d]{.smallcaps}-luciferin solution was injected per g of mouse body weight. Untransduced samples were used to subtract out background signal. For each animal, all subsequent data points were normalized to the initial day 0 luminescent signals.

5.11. Statistical Analysis {#sec5.11}
--------------------------

Data are reported as mean values ± standard deviation unless otherwise noted. One-or two-way analysis of variance with Bonferroni's correction was used for multiple comparisons. Student's two-tailed *t* test was used for pairwise comparisons. For serial analysis of cell engraftment, a Kruskal--Wallis H test and one-tailed Mann--Whitney U test were performed. *p* \< 0.05 was considered significant.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.7b00039](http://pubs.acs.org/doi/abs/10.1021/acscentsci.7b00039).Supplemental figures containing mass spectra of synthesized peptides; chemical, degradation, and T1 mapping calibration of the Gd(III)-containing hydrogel; relative cell quantification method in metabolic assay; representative rheology sweeps of various hydrogel formulations; and cardiac function assessment of mice during in vivo study ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00039/suppl_file/oc7b00039_si_001.pdf))
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